function can give different CKD staging relative to the more accurate radioisotope measures of GFR [2] . Cystatin C has also been used to determine GFR and may be more accurate than serum creatinine based measures especially in patients with CKD stage 2/3 (GFR 30-89 ml/ min/1.73 m 2 ) [3] . CKD staging does not consider a potentially more important element in patient management, change in renal function over time, in ml/min/1.73 m 2 , which we will call 'renal trajectory'. Mitch and Walser [4] presented one of the first attempts to examine renal trajectory and concluded that one over serum creatinine followed a linear pattern in their small cohort followed over 5 years. To date, most studies looking at outcomes related to renal disease have not used renal trajectory as an end point. Most have used either a doubling of serum creatinine or time to initiation of renal replacement therapy (RRT). The latter is a very subjective assessment of trajectory, while doubling of serum creatinine is an objective measure but it does not consider the myriad issues related to trajectory. Renal function staging, acute kidney injury episodes (AKI) and renal trajectory all are predictive of patient survival [5] [6] [7] [8] . The relative importance of each of these to CKD patient morbidity and mortality has not been examined.
To date, a review of patterns of renal function trajectory, factors that influence trajectory and use of renal trajectory in CKD patient management has not been published. Much of the literature on renal function decline assumes a linear pattern of progression. More recently, it has become apparent that patients with similar severity of kidney disease (as defined by CKD classification) can follow different trajectories. Some patients may experience rapid loss of renal function leading to end-stage renal failure (ESRD) and dialysis. Others may exhibit stable renal function over many years. Superimposed on chronic trajectories, patients can experience short-term fluctuations in kidney function in both the inpatient and outpatient setting, including episodes of AKI. Renal trajectory may change with drug therapy which may reverse the loss of renal function. As well, renal trajectory may impact treatment decisions like frequency of follow-up and preparation for RRT.
This review will examine the literature on renal function trajectory and highlight the methods used to measure renal function change over time; the patterns of renal function change; the factors that affect renal trajectory, including AKI episodes; use of renal trajectory in the management of patients with CKD, and suggestions for future research.
Measuring Renal Function Trajectory
The first issue concerning measurement of renal trajectory is the method of creatinine determination. Recently, there has been an attempt to standardize this serum creatinine determination. For eGFR less than 60 ml/ min/1.73 m 2 , eGFR may have acceptable reliability without recalibration to a standardized creatinine methodology [9] . Once serum creatinine has been determined, the commonest method used to measure renal function and renal trajectory utilizes MDRD eGFR. This equation accounts for the average loss of muscle over time with age and does not account for unusual body habitus or diet [10] . The equation is less accurate at higher levels of eGFR and recent publications have questioned its validity for eGFR less than 30 ml/min/1.73 m 2 [11, 12] , where progressive muscle loss with renal disease progression may give falsely high eGFR. More recently, a revised version of the eGFR equation has been used (CKD-EPI equation) which may give a more accurate determination of GFR in patients with eGFR over 60 ml/min/1.73 m 2 [13] . In studies that examined the relative accuracy of MDRD eGFR, those patients with lower lean body mass had the greatest difference between radioisotope GFR and MDRD eGFR [14, 15] .
Although serum creatinine and GFR determinations are clinically important, it may be more important to determine a patient's renal trajectory, assuming stable diet and muscle mass. Beyond these two factors, several methodological issues must be considered. In short-term studies rates of decline may reflect regression to the mean [16] . Baseline eGFR may vary if determined over 3 months, the interval currently used to define a patient's stage of CKD, versus 6, 9 or 12 months, with the maximum number of data points resulting in the smallest variance of change over time [17] .
Recent publications have used the slope-based least squares method to determine the best fit line for the longitudinal serum creatinine data points. Although eGFR slope may underestimate slope using iothalamate-based creatinine clearance [18] , Fontseré et al. [19] found that in diabetic patients with CKD 2/3, MDRD eGFR was a better predictor of iothalamate GFR than 24-hour urine creatinine clearance. In the MDRD study and the AfricanAmerican study of kidney disease and hypertension (AASK), the slope-based method using eGFR underestimated the iothalamate-determined measured GFR [20] . Nevertheless, agreement between measured GFR and eGFR slope-based outcomes in the AASK study was relatively high (R = 0.93) [21] . As well, the within patient vari-ability over time of eGFR on the basis of serum creatinine was slightly smaller than the within patient variability of radioisotope GFR. Thus, one may be able to estimate changes in renal function over time with serum creatinine-based methods.
One must be cautioned that the difference between measured (using iothalamate clearance) GFR versus eGFR slope can have profound clinical implications [22] . For example if the difference between the two slopes is 1 ml/min/year, the time to planned dialysis start can vary by many years [20] . In addition to the absolute change in renal function over time, Clark et al. [23] utilized percent annual change in eGFR to describe renal trajectory. The benefit of this method versus the more widely used absolute change per year has not been studied.
Although a regression line (slope) fitted to all of a patient's creatinine data points is the preferred method of measuring renal trajectory, a simple method used in some population studies of renal trajectory is a patient's initial available eGFR and latest available eGFR divided by years of observation to get change in eGFR in ml/min/1.73 m 2 / year, which we will call 'basic renal trajectory' (BT). Alternatively, use of the mean values of the patient's first year of outpatient creatinine data points and most recent year's data points may decrease the variance of the result. The latter two methods, with an understanding of their limitations, may be a starting point in application of renal trajectory to clinical management.
Patterns of Renal Function Trajectory
Several questions arise when we examine renal trajectory patterns. Is a linear decline over time the commonest trajectory? How often does renal function remain stable for extended periods? How often do we see an increase of eGFR over time? Does the baseline renal function relate to trajectory? Does renal function decline at a more rapid rate as patients get to lower levels of renal function? How does an AKI episode affect renal trajectory?
The frequency of linear versus other patterns of decline over time has not been established. It has become clear that, even in patients with stage 4 or 5 CKD, a significant portion of these patients may have stable renal function. Levin et al., in a CKD 4/5 referral population found stable renal function in 37% of these patients after 2 years of follow-up [24] . Eriksen and Ingebretsen [25] , in a population of patients average age 75 followed for 10 years with a baseline eGFR of 25-55 ml/min/1.73 m 2 , found that 27% had no decline in eGFR. A stable trajectory may be dependent on a patient's type of underlying renal disease, with proteinuric patients with glomerular disease having a more rapid trajectory than those with interstitial renal disease [26] .
In the MDRD study, a patient's trajectory was not influenced by the baseline eGFR, and 15% of the MDRD patients had an increase in eGFR [27] . Recently, Perkins et al. [28] demonstrated that increasing eGFR over time not only occurs, but may be associated with increased mortality risk.
Factors Affecting Trajectory
Although there is limited information regarding measurement of renal trajectory and patterns of renal trajectory, the following summarizes some of the extensive literature on factors that affect trajectory ( fig. 1 ).
Age
Lindeman et al. [29] reported that the rate of decline of inulin or creatinine clearance increased as patients aged. This is in contrast to recent studies that report a slower decline in renal function with increasing age in patients with CKD [30] [31] [32] . O'Hare et al. [31] , studying 11,290 veteran patients with an average eGFR of 17.7, found that older age was associated with slower decline in eGFR, in ml/ min/1. difference found by O'Hare and coworkers in renal trajectory with older age is related to the fact that with age muscle mass decreases (sarcopenia) and that any examination of trajectory has to include patients who die who may well have a faster decline in renal function.
Sex
The rate of decline of renal function was reported to be faster in males than females [32] [33] [34] [35] , with the exception of postmenopausal women [36] .
Albuminuria/Proteinuria
Albuminuria may be the most important predictor of renal function loss. There is a graded effect of albuminuria level on renal function decline independent of baseline renal function [37] . Lower level of renal function and level of albuminuria independently predicted a more rapid decline in eGFR using the basic trajectory (BT) method described above [38] . Stage 3 CKD patients who do not have albuminuria may have a slower BT than patients with stage 1 or 2 CKD and albuminuria [38] .
Hallan et al. [1] studied a large Norwegian population over 10 years and noted that after accounting for albuminuria level, other factors were no longer predictive of renal function decline. In a Japanese cohort followed for 10 years, proteinuric patients had double the rate of renal function decline versus nonproteinuric patients [34] . In a large Canadian cohort, proteinuria was associated with more rapid renal function decline at every level of starting renal function [39] . In the AASK trial, after adjusting for baseline proteinuria, starting level of eGFR was not predictive of the decline in renal function over 3-6 years of follow-up [40] . In the Reduction of Endpoints in NIDDM with the Angiotensin II Antagonist Losartan (RENAAL) trial, proteinuria level was the most important predictor variable of progression in patients with type 2 diabetes and nephropathy [41] .
Race
Although blacks have a much higher incidence of ESRD, the data relating the rate of decline in renal function according to race may vary by starting level of renal function. In a recent study by Peralta et al. [42] , blacks had a more rapid rate of decline from normal renal function than whites. Nevertheless, in a systematic review of the literature, Barbour et al. [43] were unable to find differences in the rate of renal progression in blacks versus whites with established CKD. Disparities of income and blood pressure control can contribute to faster progression to ESRD in both blacks and whites [44] . The increased prevalence of proteinuria in African Americans may contribute to faster decline in eGFR, but after adjustment for proteinuria, eGFR, diagnoses hypertension and diabetes, as well as family income and educational status, there was no racial disparity in predicting ESRD for blacks compared to whites [45] .
Diet
The MDRD study for the overall group showed no benefit of low-protein diet on renal progression. In patients with advanced CKD, low-and very-low-protein diets were used. The short-and long-term study results showed no benefit, and possible harm, of very-low-protein diet [46] . In the prevention of renal and vascular endstage disease (PREVEND) community cohort, there was no relationship between dietary protein intake and change in renal function [47] .
Smoking
A report on the Nord-Tronndelag Health Study (HUNT) 2 population found smoking was associated with more rapid eGFR decline and a 3-4 times higher risk of ESRD versus nonsmokers [48] . This risk was decreased with smoking cessation.
Hypertension Control
Rosansky et al. [49] , in a VA population without urinalysis or serum creatinine evidence of CKD, found that time-averaged clinic longitudinal blood pressure data predicted renal function decline in both hypertensive and normotensive patients. Several trials were designed with the hope that more aggressive blood pressure control could slow kidney disease progression in patients considered to be at high risk. For example, the AASK trial attempted aggressive BP control to slow renal progression in blacks [50] . For the overall population there was no renal function benefit with aggressive blood pressure control. On the other hand, Appel et al. [51] reported that aggressive lowering of blood pressure slowed renal progression in proteinuric AASK patients. Jafar et al. [52] examined 11 randomized controlled trials utilizing ACE inhibitors in nondiabetic subjects and found that aggressive BP control to systolic 110-129 mm Hg appeared to benefit patients with over 1 g of daily proteinuria, while a systolic blood pressure below 110 mm Hg was associated with a higher risk for kidney disease progression. Consistent with this, in the action to control cardiovascular risk in diabetes (ACCORD) study of high cardio-vascular risk type 2 diabetic patients, low levels of blood pressure were associated with both a decrease in proteinuria, and also with a lower eGFR [53] .
ACE/ARB Therapy
Kent et al. [54] examined 11 randomized controlled trials using angiotensin-converting enzyme inhibitors (ACE) in nondiabetic kidney disease and found that patients with less than 500 mg of proteinuria per day did not have a slowing of their renal trajectory with ACE treatment. In patients with type 2 diabetes and overt diabetic nephropathy, angiotensin-receptor blocker (ARB), irbesartan was effective at decreasing renal progression independent of the level of blood pressure reduction [55] . In the RENAAL study, use of losartan was associated with reduced BT from 5.2 to 4.4 ml/min/year/1.73 m 2 [56, 57] . Although it is generally accepted that ACE therapy slows renal progression in proteinuric patients, at least some of this 'benefit' may relate to increased tubular creatinine secretion [58] .
Proteinuria Reduction
Proteinuria (which consists primarily of albumin) reduction may be the most important goal for slowing the loss of renal function. ACEs and ARBs produce similar reductions in proteinuria [59] . Since ACEs and ARBs can decrease proteinuria by different mechanisms, it was hypothesized that a combination of these drugs could produce an additive effect on proteinuria reduction and slowing of renal function decline. This led to the Ongoing Telmisartan Alone and in combination with Ramipril Global Endpoint Trial (ONTARGET) study in high vascular risk patients. This study found an increase in acute renal failure episodes and need for dialysis in nonproteinuric patients treated with the ACE and ARB combination [60] . In contrast to this, the Ramipril efficacy in nephropathy (REIN) study showed, for ACE therapy alone, that for each 1 g/day reduction in proteinuria, subsequent eGFR decline was slowed by 2 ml/min/1.73 m 2 /year [61] . In addition to single drug and combination therapy, up-titration of ACE or ARB therapy was studied in the renoprotection of optimal antiproteinuric doses (ROAD) study of benazepril, ACE and losartan, ARB. In this study, for those nondiabetic patients with a least 1 g proteinuria per 24-hour urine, up-titration of either ACE or ARB decreased proteinuria and rate of progression [62] , possibly as a result of reversal of hyperfiltration. These drugs have been licensed for blood pressure lowering and not reduction of renal end points. These higher doses may be necessary in some cases to get the full benefit regarding slowing renal function loss.
The experience from several studies is that ACE or ARB therapy may produce an initial decline in eGFR and proteinuria. In the AASK study, decline in proteinuria in the first six months of therapy was predictive of the rate of decline in renal function in the following 3-6 years [40] . In the RENAAL study, the greater the acute fall in estimated eGFR in the first three months of treatment, the slower the long-term rate of decline in eGFR [63] . In fact, if one calculates renal trajectory from 3 to 6 months after starting a low-protein diet or ACE/ARB therapy, one may well get a slower decline in renal function than if initial eGFR is used.
Diabetes Control
In type 1 diabetics, better HGB A1C-related blood sugar control was associated with less loss of renal function [64] , less need for RRT [64] , and a slowing of a very rapid (10-12 ml/min/1.73 m 2 /year) rate of renal function decline [66] . In the intensive blood glucose control and vascular outcomes type 2 diabetes (ADVANCE) study, tighter blood glucose control resulted in a 21% reduction in the risk of new CKD or worsening of CKD [67] . The AC-CORD trial showed that aggressive glucose control delayed albuminuria in a type 2 diabetic population with cardiovascular risk factors [53] , but target blood HGB A1C of 6 was associated with severe hypoglycemia and increased cardiovascular and total mortality [68] .
Alkali Therapy
Several small observational studies and studies in animal models demonstrated a possible benefit of alkali therapy in slowing renal function decline early in the course of CKD and even in the absence of metabolic acidosis [69, 70] . Alkali therapy may provide a dual benefit of decreasing protein catabolism as well as slowing of renal trajectory.
Multidisciplinary Follow-Up
In a study by Bayliss et al. [71] , multidisciplinary renal clinic follow-up slowed the rate of basic trajectory decline from 2.5 to 1.2 ml/min/1.73 m 2 /year. In a second study, Barrett et al. [72] found no renal trajectory benefit from a nurse coordinated model of care, but this cohort largely had nonprogressive CKD.
AKI and Renal Trajectory
Inpatient AKI is associated with a more rapid decline in renal function and the development of ESRD [73] . This is especially true if the AKI episode required dialysis and if a patient had underlying CKD [74] . Ishani et al. [8] reported that the magnitude of serum creatinine increase after cardiac surgery was associated in a graded manner with the rate of decline in renal function after the AKI episode. As well, elderly patients with AKI and underlying CKD may show an increase in post-AKI rate of decline of eGFR [75] .
AKI may be a frequent occurrence prior to dialysis initiation [76, 77] . In a study of a US veteran population, O'Hare [pers. commun.] found that patients who initiate dialysis after a rapid loss of renal function were more likely to have an AKI episode and had a worse survival. Patients who initiate chronic dialysis after an AKI episode may do so at higher eGFR levels and this higher mortality in the post-AKI group may be part of the explanation for the association of higher eGFR at dialysis initiation and higher post-dialysis initiation mortality [78] .
All of the reported studies to date on AKI involve patients who had hospitalization-related AKI. Recently, Rosansky et al. [79, 80] reported a high frequency of outpatient AKI episodes in patients who went on to dialysis and a higher frequency of outpatient AKI in patients who had a more rapid basic trajectory and higher proteinuria.
Using Trajectory in Clinical Decisions
Renal trajectory may be important in several areas of management of CKD. Patients with a slower trajectory (BT ! 3 ml/min/1.73 m 2 /year) may require less intensive follow-up [81] . On the other hand, in one study, almost half of the patients had a nonlinear decline in renal function in the year prior to dialysis initiation [82] . A difference in rate of eGFR decline per year of 1 ml/min/1.73 m 2 can have a very powerful effect on the timeframe to start RRT. Different methodologies used to determine trajectory may give very different rates of decline [20] . Interestingly, the most recent published guidelines for dialysis initiation out of Europe emphasized the need to consider clinical symptomatology for dialysis initiation decisions but also included the notion of close observation for planned dialysis of patients with a renal trajectory of greater than 4 ml/min/1.73 m 2 /year, with the possibility of preemptive dialysis in this group [83] .
Many studies have attempted to develop prediction models to determine which patients will have renal progression. These models use some of the factors for trajectory progression discussed above and others that were predictive in particular study populations. In the most recent study, Tangri et al. [84] developed and validated a tool to predict progression in patients with stage 3-5 CKD. The model uses eight variables: age, sex, eGFR, albuminuria, serum calcium, serum phosphate, serum bicarbonate, and serum albumin. These and other predictor models have several drawbacks. Firstly, they do not account for the reversible factors like decrease in proteinuria, discussed above, that may slow or reverse the decline in renal function. Second, these models do not attempt to separate patients who have stable renal function. Third, several studies have demonstrated that the rate of decline in renal function relates to mortality risk independent of baseline eGFR. For example, rates of decline of 3-4 ml/min/1.73 m 2 /year or greater have been shown to be predictive of mortality [85, 86] . Also, AKI is associated with cardiovascular and all-cause mortality [87] . The vast majority of patients with CKD die before they require RRT [88] . Modeling to predict which patients will have rapid renal disease progression does not help determine whether the risk of death will supersede the need to prepare for RRT, a key consideration in management of CKD.
Several studies have attempted to identify which patients with CKD 3-5 were more likely to die prior to needing RRT. Demoulin et al. [89] studied 386 CKD 4 patients and found that after age 80, the risk of death always exceeded the risk of ESRD. Similarly, O'Hare et al. [31] , in a VA population followed for 3 years, found that for patients over 85 the risk of death always exceeded the risk of need for dialysis and for patients 65-84 years old this was true for patients with initial eGFR greater than 15 ml/min/ 1.73 m 2 . On the other hand, in the AASK trial, where participants with diabetes or recent cardiovascular event were excluded and mean study entry age was 55, patients were more likely to reach RRT than to die during the course of 11 years of follow-up [90] . Levin et al. [24] studied a CKD 4 population whose average eGFR decline was 2.65 ml/min/1.73 m 2 /year. Those patients with eGFR decline 1 5 ml/min/1.73 m 2 /year had a 76% chance of starting dialysis during the 31-month average follow-up. Conway et al. [30] examined a CKD 4 population, over 75 7 years old, and found that only in those patients with a decline over 4 ml/min/1.73 m 2 /year was dialysis prior to death required. In another study of patients with a median age of 80 and mean eGFR of 28.5 ml/min/1.73 m 2 , only 20% had an eGFR change greater than 2 ml/min/1.73 m 2 /year during a 31-month average follow-up [33] , demonstrating the likely slower trajectory in elderly patients and likelihood of death prior to need for RRT.
In addition to age and CKD stage, proteinuria level may help determine who will require RRT. Conway et al. [30] found that for patients over 75 with less than 1 g of 24 h proteinuria, 90% avoided dialysis during an average follow-up of 10 years. Obi, in a Japanese cohort of CKD 3-5 patients followed for 3 years, found that for patients over 65 without proteinuria, none required RRT [91] . Adding primary etiology of renal disease is also helpful in predicting need for dialysis versus death. Generally, heavy proteinuric glomerular diseases, especially in a younger cohort, may require RRT before death.
Since AKI, especially AKI that required dialysis treatment, accelerates trajectory, these patients may require RRT. Nevertheless, the increased post-AKI mortality makes this another population that needs study of the competitive risk of death versus RRT, especially in the elderly.
In some octogenarians with stage 4, or even stage 5 CKD, slower trajectory and higher comorbidities and probability of death before RRT is required, makes placement of an arteriovenous (AV) access potentially unnecessary [92, 93] . This issue needs further study, since these elderly patients are likely to require multiple access surgeries, to provide a working fistula or graft.
Questions for Future Research
From the current review there are clearly many unanswered questions regarding renal trajectory. These include: Does the decline in renal function accelerate at lower levels of renal function? Which AKI episodes, outpatient, inpatient, dialysis requiring, accelerate renal function decline? Are there patients who have recurrent outpatient or inpatient AKI episodes but have relatively stable renal function over extended periods of time? Can patients show a reversal of their decline in renal function with ACE/ARB or other therapies? Will this reversal only occur if patients are proteinuric and if the proteinuria reverses with ACE/ARB therapies? Is the initial worsening of renal function with ACE/ARB use a good prognostic sign? Is a target BP of less than 110 beneficial in any group of CKD patients? Should a target BP of 110-129 mm Hg only be used for proteinuric CKD patients? At what average level of HGBA1C do the benefits of slowing renal progression exceed possible harms? Can we develop models for predicting renal progression to determine the competitive risk for RRT versus death?
Conclusions
Change of renal function over time can vary considerably and may not show a linear decline or any decline over extended intervals. Both ACE and ARB therapy in proteinuric patients (at least 500 mg/24 h) may slow renal function decline. Current observational studies support the notion that nonproteinuric patients with CKD will not benefit with a slower renal trajectory as a result of ACE or ARB or aggressive blood pressure treatment. The interaction between a patient's baseline trajectory and episodes of outpatient or inpatient AKI requires further exploration. Aggressive treatment of hyperglycemia and blood pressure may slow renal function decline, but may result in more harm than benefit in certain populations. Observational studies support the notion that renal trajectory in proteinuric hypertensive patients may benefit from aggressive BP lowering. Utilizing available published data, it appears that, especially in the elderly population with significant comorbidities and slow decline in renal function, the likelihood of death prior to need for RRT must be considered.
As more studies of renal trajectory become available clinicians may use this data to help decide: if and when an access for dialysis needs to be placed; which patients will likely succumb to a nonrenal failure death prior to needing dialysis; which patients may need more frequent renal clinic follow-up and when hospice and conservative management may be a more reasonable approach than a plan for dialysis therapy.
